The 2-oxoglutarate dehydrogenase complex was isolated from the cellular slime mould, Dictyostelium discoideum, and purified 1 13-fold. The enzyme exhibited Michaelis-Menten kinetics and the K , values for 2-oxoglutarate, CoA, and NAD were 1.0 mM, 0.002 mM, and 0.07 mM, respectively. The K, value for succinyl-CoA was determined to be 0.004 mM and the K, for NADH was 0.018 MM. AMP had positive effects whereas ATP had negative effects on the enzyme activity. The kinetic constants determined in this study and the reaction mechanism suggested can now be incorporated into a transition model of the tricarboxylic acid cycle during differentiation of D. discoideum.
INTRODUCTION
The 2-oxoglutarate dehydrogenase complex, which catalyses the oxidative decarboxylation of 2-oxoglutarate to succinyl-CoA, is an integral part of the tricarboxylic acid (TCA) cycle. This enzyme complex has been isolated and characterized from several different prokaryotic (Parker & Weitzman, 1973; Kornfeld et al., 1977; Koike et al., 1960; Kornfeld et al., 1978) and eukaryotic (Hirashima et al., 1967; Stanley & Perham, 1980; Roche & Cate, 1977; Severin & Gomazkova, 1971 ; Poulsen & Wedding, 1970; Lawlis & Roche, 198 1 a) systems. The complex consists of three different enzymes : (E 1) 2-oxoglutarate dehydrogenase (EC 1 .2.4.2), a thiamin pyrophosphate (TPP) requiring enzyme ; (E2) dihydrolipoamide succinyltransferase (EC 2.3.1.61), an enzyme containing the prosthetic group lipoic acid; and (E3) dihydrolipoamide dehydrogenase (EC 1 .8.1.4), which contains the prosthetic group FAD. In addition 2-oxoglutarate dehydrogenase complex requires a divalent cation.
Both Michaelis-Menten and allosteric kinetics have been described for the 2-oxoglutarate dehydrogenase complex. Homotropic effects, with respect to 2-oxoglutarate, were shown for the Acetobacter xylinum (Kornfeld et al., 1977) and bovine kidney enzymes (Lawlis & Roche, 1981 a) . The complex from A . xylinum exhibited positive cooperativity whereas that from bovine kidney exhibited negative cooperativity. In other systems, the 2-oxoglutarate dehydrogenase complex has been shown to have Michaelis-Menten kinetics with respect to all of its substrates. Proposed reaction mechanisms include : a three-site ping-pong (Hamada eta!., 1979 , a hexa-uni ping-pong (Meixner-Monori et al., 1985 , and a reaction in which 2-oxoglutarate binds and C 0 2
L . L . H E C K E R T AND OTHERS
is released in a ping-pong manner, while the binding of NAD and CoA and the release of succinyl-CoA occur randomly (McMinn & Ottaway, 1977) .
Heterotropic effects have also been described for the 2-oxoglutarate dehydrogenase complex. The nucleotides AMP and ADP and the divalent metal cation Ca2+ have shown positive effects on enzyme activity (Kornfeld et al., 1977; Lawlis & Roche, 1980 , 1981a Wedding & Black, 1971 ) whereas ATP and GTP have shown negative effects (Lawlis & Roche, 1981a) . The reaction products, N ADH and succinyl-CoA, inhibit 2-oxoglutarate dehydrogenase complex activity (Kornfeld et al., 1977; Lawlis & Roche, 1980 Smith et al., 1974) .
The life cycle of the amoeba D. discoideum is characterized by a free-living vegetative phase in the presence of an adequate food source and, under starvation conditions, a phase in which the amoebae aggregate and differentiate into either spore or stalk cells. Differentiation is completed in about 24 h, with the formation of a fruiting body or sorocarp. The energy source in this system is cellular protein, which is degraded and converted to TCA cycle intermediates during development. An understanding of biochemical differentiation in this system includes an analysis of the role of energy metabolism in controlling the biosynthetic pathways responsible for the accumulation of the new end products of differentiation (e.g. cell wall material). Thus, tracer studies have been done to provide information regarding cycle flux, as well as the distribution of cycle intermediates into intra-and extra-mitochondria1 compartments (Kelly et al., 1979a) . A steady state model of the TCA cycle is now serving as a basis for the construction of a 'transition' model simulating this area of metabolism over the course of differentiation (Kelly et al., 1979b; Wright & Butler, 1987; Wright & Kelly, 1981) . Such a model incorporates the enzyme kinetic mechanisms and constants of the cycle enzymes isolated from the Dictyosteliurn system. Therefore, the enzyme kinetic mechanism and constants determined in the present investigation of the 2-oxoglutarate dehydrogenase complex of D. discoideum provides essential input for the transition model of the TCA cycle. When this model is available, it can be used to gain further understanding regarding the relevance of in vitro data to metabolism in uivo. For example, V,,, determined in vitro can be compared to the enzyme activity calculated within the constraints of the model; different enzyme mechanisms can be compared in the model to test their compatibility with data obtained in vivo (Wright & Butler, 1987; Wright & Kelly, 1981) .
METHODS

Materials.
Glasperlen beads (0.25430 mm) were purchased from Braun Melsungen AG. Reagent grade glycerol was from EM Science and absolute ethanol was from the US Industrial Chemical Company. All other chemicals and enzymes were purchased from Sigma.
Organism and culture conditions. D. discoideum NC-4 (ATCC 24697) was cocultured with Escherichia coli as a nutrient source as described previously (Marshall et al., 1970) . After 48 h incubation at 23 "C (when the nutrient source was depleted) aggregating amoebae were harvested in 0.5 M-Sucrose. Cells were washed free of residual bacteria by differential centrifugation. For stage studies, amoebae were collected and spread on non-nutrient agar as previously described (Marshall et al., 1970) . After the appropriate time of incubation at 23 "C, cells were harvested at different stages of development.
Standard enzyme assay. Activity of the 2-oxoglutarate dehydrogenase complex was measured by monitoring the formation of NADH at 340 nm and 25 "C on a Gilford Model 250 recording spectrophotometer, in which the full scale of the recorder was either 0.2 or 0.5. The standard assay buffer contained 80 mM-Tricine/KOH (pH 8.0), 0.2 mM-TPP, 1.0 mM-MgC1, and 2-5 mM-cysteine/HCl. Assays done throughout the purification procedures contained 2.5 mM-NAD, 2.0 m~-2-oxoglutarate, 0.1 mM-CoA and 10-50 yl enzyme (0.9 pg-1 mg protein) in a total volume of 1.0 ml. Substrate concentrations used in kinetic studies are described below. Assay mixtures containing 0.1% (v/v) Triton X-100 were used to determine enzyme activity in fractions 1-3 (Table 1 ). The reaction was started by adding 20 y12-oxoglutarate (0.1 M). One unit of activity is defined as the amount of enzyme catalysing the reduction of 1 pmol NAD min-' at 25 "C; specific activity is expressed in units (mg protein)-'. Protein was determined by the Bradford method using bovine serum albumin as the standard (Bradford, 1976) .
Assays for interfering enzymes. The activity of glutamic acid dehydrogenase was measured by monitoring either : (1) the formation of NADH at 340 nm and 25 "C in an assay containing 80 mM-Tricine/KOH (pH 8-0), 3.0 mM-NAD, 10 mM-glutamic acid and 10-100 p1 enzyme in a total volume of 1.0 ml; or (2) the disappearance of NADH at 340 nm in an assay containing 80 mM-Tricine/KOH (pH 8.0), 0.05 mM-NADH, 2.0 m~-2-oxoglutarate and 10-100 p1 enzyme in a total volume of 1.0 ml. In the first case glutamic acid was used to start the reaction and in the second case 2-oxoglutarate was used.
The activity of NADH oxidase was monitored by measuring the disappearance of NADH at 340 nm at 25 "C. The assay contained 80 mM-Tricine/KOH (pH 8.0), 0.1 mM-NADH and 10-100 p1 enzyme in a total volume of 1.0 ml. NADH was used to start the reaction.
Stoichiometry of the reaction. The standard 2-oxoglutarate dehydrogenase assay, using a total of 100 nmol 2-oxoglutarate, was allowed to proceed for 2 rnin and stopped by adding 20 p1 85% (v/v) phosphoric acid. This solution was neutralized to pH 7 with approximately 100 ~1 3 0 % (w/v) KOH. The amount of NADH produced was determined by the total absorbance change observed at 340 nm. The 2-oxoglutarate content was measured in samples of the neutralized reaction mixture using an enzymic assay (Lowry & Passonneau, 1972) .
Isolation of mitochondria. All enzyme purification procedures were performed at 4 "C unless stated otherwise. Cells were harvested and 0.5 M-sucrose was added at a ratio of 3 : 1 (sucrose :packed cell volume). Cell lysates were prepared by adding Glasperlen beads to the cell suspension, 1.7g beads (packed cell volume)-', which was vigorously agitated on a magnetic stirrer for 3 min (fraction 1). The cell lysate was centrifuged at lo00 g for 10 min. Centrifugation was repeated three times, discarding the pellet each time. The final supernatant was centrifuged at 14500 g for 15 min. The mitochondria1 pellet (fraction 2) was resuspended in approximately 2-4 vols 10 mMpotassium phosphate (PH 7-2), 10% (v/v) glycerol, 1 m-dithiothreitol and 1 mM-N-a-p-tOSyl-L-lySine chloromethyl ketone (TLCK) (buffer A) with a final protein concentration of 8-12 mg ml-l. The resulting preparation was frozen at -50 "C for at least 24 h.
Purification of 2-oxoglutarate dehydrogenase complex. Isolated mitochondria were disrupted by freezing and thawing twice followed by passage through a pressure cell (Yeda) at 2000 p.s.i. (13.8 MPa). The disrupted mitochondria were centrifuged for 30 rnin at 27000g. The resulting pellet was resuspended in an equal volume of 10 mwpotassium phosphate (pH 7.2), 10% (v/v) glycerol and 1 rnhf-dithiothreitol (buffer B), then passed through the pressure cell and centrifuged as before. The supernatant (fraction 3) was adjusted to pH 6.0 with 1 M-acetic acid prior to protamine sulphate precipitation. Protamine sulphate (2%, w/v) adjusted to pH 5.0 with KOH was added to the supernatant at a ratio of 0.4 : 1 (mg protamine sulphate :mg protein). This mixture was stirred for 15 min on ice and centrifuged at 3000 g for 30 min. The pellet was resuspended in a volume of buffer B equal to one-half the volume of fraction 3. This suspension was stirred for 25 rnin on ice followed by centrifugation at 1 1 600 g for 15 min. The supernatant (fraction 4) containing the 2-oxoglutarate dehydrogenase complex activity was centrifuged at 175000g for 195 rnin in a Beckman L2-65B ultracentrifuge using a Ti80 rotor. The pelleted enzyme (fraction 5) was resuspended in a 0.1 volume of buffer B and stored at -50 "C. Fraction 5 was used for all enzyme characterization studies.
RESULTS A N D DISCUSSION
The 2-oxoglutarate dehydrogenase complex specific activity was measured in mitochondria (fraction 2) prepared at various stages during the differentiation process. A tenfold increase in 2-oxoglutarate dehydrogenase complex specific activity was found between the amoebae and aggregation stages, whereas less than a twofold increase occurred between the aggregation to sorocarp stages. The enzyme, isolated as described above, was purified 113-fold with a 4% recovery ( Table 1 ). The purified enzyme preparation was free of NADH oxidase and glutamate dehydrogenase activities. Stoichiometry was demonstrated; thus the enzyme was of sufficient purity for kinetic analyses.
The measured activity was dependent upon the presence of all three substrates. Omitting either cofactor, TPP or MgC12, resulted in a tenfold decrease in activity, while removal of cysteine resulted in twofold decrease in the activity. Enzyme activity with CaC12 was equivalent to that with MgC12. The dependence upon detergent (Triton X-100) varied with the enzyme fraction assayed. Enzyme fractions 1-3 (Table 1) required Triton X-100 for maximal enzyme activity. In contrast, fractions 4 and 5 were inhibited by the presence of the detergent.
Enzyme activity in mitochondria was best maintained by storage in buffer A at -50 "C. Addition of the protease inhibitor TLCK to mitochondrial preparations was essential to maintain enzyme activity; addition of phenylmethylsulphonyl fluoride showed no effect. Mitochondria could be stored up to eight months at -50 "C with minimal loss of enzyme activity, but fractions 3 and 4 could only be stored for two weeks. Fraction 5 was stable for one month at -50 "C.
The pH optimum of enzyme activity was determined using each of 80 mM-Tricine, 42 mMpotassium phosphate and 42 mM-Bis-Tris Propane. The optimum pH was 8.0 in Tricine and BisTris Propane. A plateau between pH 8.0 and 8.5 in potassium phosphate buffer was observed. Levels of potassium phosphate adequate to buffer the assay system (20-100 mM) were inhibitory to the enzyme. NaCl and KCl(40-80 mM) were also inhibitory to a similar degree. Therefore, 80 mM-Tricine, pH 8.0, was used in the assay system. Initial velocity studies were done according to the methods of Fromm (1975) . The concentration of one of the three substrates (2-oxoglutarate, NAD or CoA) was varied at constant concentrations of the other two substrates, which were maintained at a fixed ratio. Substrates present at constant concentrations were added to the assay buffer and the temperature equilibrated for 3 min at 25 "C. The varied substrate was then added and the reaction was initiated by the addition of 5 p1 enzyme (final assay volume 0.5 ml). 2-Oxoglutarate was varied from 0.20mM to 2-0mM, while the NAD:CoA concentrations used were 0.018 mM : 0.002 mM, 0.036 mM : 0.004 mM, 0.072 mM : 0-008 mM and 0.180 mM : 0.020 mM. CoA was varied from 0.002 mM to 0.020 mM while the 2-oxoglutarate : NAD concentrations used were 0.2 mM : 0.01 8 mM, 0.4 mM : 0.036 mM, 0.8 mM : 0.072 mM and 2.0 mM : 0.18 mM. NAD was varied from 0.018 mM to 0.1 80 mM while the 2-oxoglutarate : CoA concentrations used were 0.4 mM : 0.004 mM, 0.8 n-m : 0.008 mM and 2.0 mM : 0.02 mM. The three Lineweaver-Burk plots (reciprocal velocity versus reciprocal concentration of one of the varied substrates) resulted in a series of parallel lines for each substrate. K , values were determined by using the rate equation for a multisite ping-pong mechanism derived by Cleland (1973) and replotting the y-intercepts of primary plots versus the reciprocal concentration of a constant substrate (all such replots were linear). The K , values determined are the means of values determined from several experiments. The K , values for 2-oxoglutarate, CoA and NAD are l.OmM, 0 . 0 0 2 m~ and 0.070 mM, respectively. Kinetic studies in the reverse direction were not done.
L . L . H E C K E R T AND OTHERS
Product inhibition studies were done in a similar manner to the initial velocity studies. The concentration of 2-oxoglutarate, CoA or NAD was varied at fixed concentrations of one of the products, succinyl-CoA or NADH. The other two substrates were held at constant concentrations.
When succinyl-CoA was used as the inhibitor, it was fixed at 0 mM, 0.002 mM, 0.004 mM and 0.006 mM. At each of these succinyl-CoA concentrations, with CoA at 0.004 MM and NAD at 0.080 mM, 2-oxoglutarate was varied from 0.81 mM to 2.49 mM. The resulting Lineweaver-Burk plot produced a series of parallel lines. Then at each of these succinyl-CoA concentrations, with 2-oxoglutarate at 3.2 mM and CoA at 0404 mM, NAD was varied from 0.03 mM to 0.095 mM. In this case the Lineweaver-Burk plot resulted in lines that intersected, but not on the y-axis. Finally, at each of these succinyl-CoA concentrations, with 2-oxoglutarate at 3.2 mM and NAD at 0.08 mM, CoA was varied from 0.008 mM to 0.027 mM. This Lineweaver-Burk plot produced lines that intersected on the y-axis.
When NADH was used as the inhibitor, it was fixed at 0 mM, 0-02 mM, 0.04 mM and 0.06 mM. At these fixed concentrations of NADH, with CoA at 0.004 mM and NAD at 0.08 mM, 2-oxoglutarate was varied between 0.8 mM and 2.5 mM. The Lineweaver-Burk plot resulted in a series of parallel lines. Then at each of these NADH concentrations, with 2-oxoglutarate at 3.2mM and NAD at 0.08mM, CoA was varied between 0.002mM and 0.008mM. This Lineweaver-Burk plot resulted in lines that intersected, but not on the y-axis. Finally, at each of these NADH concentrations, with 2-oxoglutarate at 3.2 mM and CoA at 0.004 m, NAD was varied from 0.023 mM to 0.095 mM. This Lineweaver-Burk plot resulted in lines that intersected on the y-axis. The product inhibition data show that both succinyl-CoA and NADH are uncompetitive with respect to 2-oxoglutarate. CoA is competitive with respect to succinyl-CoA and NAD is competitive with respect to NADH. These results are consistent with the patterns expected for a multisite site ping-pong mechanism according to Cleland (1973) . However, non-competitive inhibition was observed for the data from succinyl-CoA versus NAD and from CoA versus NADH. These product inhibition patterns are similar to those observed by Tsai et al. (1973 ( ), Randall et al. (1977 and Butler et al. (1985) for the pyruvate dehydrogenase complex. Tsai et al.
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(1 973) explain that these anomalous inhibition patterns are due to protein-protein interactions between the transacetylase (E2) and the flavoprotein (E3). Our data suggest that such an interaction may be occurring between the dihydrolipoamide succinyltransferase (E2) and the flavoprotein (E3) of the 2-oxoglutarate dehydrogenase complex of D. discoideum.
Using the rate equation for a multisite ping-pong mechanism as derived by Cleland (1973) , Ki values were calculated by replotting the y-intercepts (if Lineweaver-Burk plots were parallel) or slopes (if Lineweaver-Burk plots produced intersecting lines) versus the concentration of the inhibitor. The Ki for succinyl-CoA was determined to be 0.004 mM and the Ki for NADH was There were some initial velocity and product inhibition studies that suggested a sequential terter mechanism. However, when the kinetic constants were calculated from such data, they were remarkably similar to those determined from the ping-pong mechanism. Since the bulk of the data favoured the multisite ping-pong mechanism, it will be incorporated as the mechanism for the 2-oxoglutarate dehydrogenase complex in the transition model of the TCA cycle model presently being constructed.
Effector studies were done in assay buffer as described in Methods with 3.2mM-2-oxoglutarate, 0.08 mM-NAD and 0.004 mM-CoA. The reaction was temperature equilibrated as before, the effector was added and the reaction was initiated by the addition of enzyme. All effectors were tested at physiological levels. Radioactive tracer studies with [ 2P]Pi indicate the absence of significant compartmentalization of ATP, GTP and UTP (Rutherford & Wright, 197 1) . Positive effects on 2-oxoglutarate dehydrogenase complex activity were produced by GTP, UTP, AMP and GMP (Table 2) . UDP showed similar positive effects, while CAMP had no effect (data not shown). ATP at low concentrations showed no effect, but at higher 0.01 8 mM. concentrations it began to decrease enzyme activity ( Table 2 ). The effect of ATP appears to be specific, as the addition of either AMP or GMP can partially reverse the observed inhibition (Table 3) . Moreover, if the effect were due to chelation of Mg2+, ATP, GTP and UTP would be expected to show similar effects, which is clearly not the case. It is apparent that the in vivo regulation of the 2-oxoglutarate dehydrogenase complex from D. discoideurn entails many aspects of metabolism. First, the availability of its substrates will dictate, in part, the rate of the reaction, since the cellular concentration of Second, because of the effects of the adenine nucleotides, the energy level of the cell may influence the activity of the 2-oxoglutarate dehydrogenase complex. When the energy level of the cell is high, ATP is prevalent and the tendency is to inhibit the enzyme, making 2-oxoglutarate more available for other metabolic operations. On the other hand, at low cellular energy levels, the 2-oxoglutarate dehydrogenase complex will be activated by AMP, thus producing more NADH to be utilized for ATP synthesis via oxidative phosphorylation.
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